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Description 

The present invention relates generally to determin- 
ing the nature, i.e., the similarity or concentration, of a 
biological analyte in comparison with a model construct- 
ed from plural known biological fluids, and, more partic- 
ularly, to such a method and apparatus wherein a sam- 
ple of biological fluid containing the analyte is irradiated 
with infrared energy having at least several wavelengths 
to cause differential absorption by the analyte as a func- 
tion of the wavelengths and properties of the analyte. 

Background Art 

For various care and treatment of mammal patients, 
it is necessary to determine concentrations of certain 
species in biological fluids. For instance, diabetics must 
be apprised of their blood glucose concentrations to en- 
able insulin dosage to be adjusted. To determine blood 
glucose concentrations, blood is presently drawn sev- 
eral times per day by the diabetic, usually via a finger 
prick. If the blood glucose concentrations in such indi- 
viduals are not properly maintained, the individuals be- 
come susceptible to numerous physiological problems, 
such as blindness, circulatory disorders, coronary artery 
disease, and renal failure. For these reasons, a substan- 
tial improvement in the quality of life of persons suffering 
from various maladies, such as diabetes mellitus, could 
be attained If the concentrations of species in body fluids 
are non-invasively and/or continuously determined. For 
example, for diabetic patients having external or im- 
plantable insulin pumps, a feedback loop for these 
pumps couid be controlled by continuously monitoring 
glucose concentrations, to enable an artificial pancreas 
to be developed. 

Exemplary systems have been previously proposed 
to monitor, glucose in blood, as is necessary, for exam- 
ple, to control diabetic patients. This prior art is repre- 
sented, for example, by Kaiser, U.S. Patent 4.169,676, 
Muller, U.S. Patent 4.427,889, and Dahne et al. Euro- 
pean Patent Application 84810212.5, and Bauer et al. 
Analvtica Chimica Acta 197 (1987) pp. 295-301. . 

In Kaiser, glucose in blood is determined by irradi- 
ating a sample of the blood with a carbon dioxide laser 
source emitting a coherent beam, at a single frequency, 
in the mid-infrared region. An infrared beam derived 
from the laser source Is coupled to the sample by way 
of an attenuated total reflectance crystal for the purpose 
of contacting the blood sample. The apparatus uses 
double beam instrumentation to examine the difference 
in absorption at the single frequency in the presence and 
absence of a sample. The reliability of the Kaiser device 
is materially impaired in certain situations because of 
the reliance on a single frequency beam for reasons ex- 
plained below. Also, we have found from calculations 
based on available information that Kaiser's statement 
anent optical energy penetrating the skin to the depth of 
the blood capillaries is unlikely due to water absorption 



of the mid-infrared beam. 

Muller discloses a system for quantifying glucose in 
blood by irradiating a sample of the blood with energy 
in a single beam from a laser operating at two f requen- 

5 cies In the mid-infrared region. The infrared radiation is 
either transmitted directly to the sample or by way of an 
attenuated total reflectance crystal for in vitro sampling. 
One frequency that irradiates the sample is in the 10.53 
- 10.65 micrometer range, while the other irradiating f re- 

10 quency is in the 9.13-9.17 micrometer range. The radi- 
ation at the first frequency establishes a baseline ab- 
sorption by the sample, while glucose absorption by the 
sample is determined from the intensity reduction 
caused by the sample at the second wavelength. The 

IS absorption ratio by the sample at the first and second 
frequencies quantifies the glucose of the sample. There 
is no glucose absorption at the first wavelength. 

Dahne et al employs near-Infrared spectroscopy for 
non-invasively transmitting optical energy in the near- 

20 infrared spectrum through a finger or earlobe of a sub- 
ject. Also discussed is the use of near-infrared energy 
diffusely, reflected from deep within the tissue. Respons- 
es are derived at two different wavelengths to quantify 
glucose in the subject. One of the wavelengths is used 

25 to determine background absorption, while the other _ 
wavelength is used to determine glucose absorption. 
The ratio of the derived intensity at the two different 
wavelengths determines the quantity of glucose in the 
analyte biological fluid sample. 

30 Bauer et al discloses monitoring glucose through 
the use of Fourier-transform infrared spectrometry 
wherein several absorbance versus wavelength curves 
are illustrated. A glucose concentration versus absorb- 
ance calibration cuwe. discussed in the last paragraph 

35 on p. 298, is constructed from several samples having 
known concentrations, in response to the intensity of the 
infrared energy absorbed by the samples at one wave- 
length, indicated as preferably 1035 cm"''- 

All of the foregoing prior art techniques thus use on- 

40 ly a single frequency analysis or ratio of two frequencies 
to determine a single proportionality constant describing 
a relationship between absorption of the infrared energy 
by the sample and concentration of a constituent of the 
biological fluid sample being analyzed, usually glucose. 

45 Hence, the prior art analysis is univariate since absorp- 
tion by the constituent of interest at a single wavelength 
is determined. 

However, univariate analysis has a tendency to be 
inaccurate in situations wherein there are concentration 

so variations of any substance which absorbs at the anal- 
ysis frequency. Biological systems are subject to numer- 
ous physiological perturbations over time and from per- 
son to person. The perturbations cause inaccuracies in 
univariate analysis, thereby decreasing the accuracy 

ss and precision of such analysis. The physiological per- 
turbations involving any substance which absorbs at the 
analysis frequencies do not permit an operator of a sys- 
tem utilizing univariate analysis to recognize the result- 
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ing inaccuracy. In addition, nonlinearities may arise from 
spectroscopic instrumentation, refractive index disper- 
sion, or interactions between molecules of the sample 
which cannot generally be modeled by univariate tech- 
niques. In addition, unknown biological materials in the 
sample have a tendency to interfere with the analysis 
process, particularly when these materials are present 
in varying amounts. Also the univariate techniques are 
usually not capable of identifying outlier samples, i.e., 
samples with data or constituents or spectra among the 
calibration or unknown data which differ from the re- 
mainder of the calibration set. 

The described prior art systems utilizing mid-Infra- 
red energy are not feasible for non-invasive jn vivo de- 
terminations of glucose concentrations because of pen* 
etration depth (imitations. ' 

The most frequently employed prior art techniques 
for determining the concentration of molecular sub- 
stances in biological fluids have used enzymatic, chem- 
ical and/or immunological methods. However, all of 
these techniques require invasive methods to draw a 
blood sample from a subject; typbally, blood must be 
drawn several times a day by a finger prick, such as 
presently employed by a diabetic. For example, in the 
determination of glucose by diabetics, such Invasive 
techniques must be performed using present technolo- 
gy. It would be highly desirable to provide a less- inva- 
sive, continuous or semi-continuous system for auto* 
matically analyzing glucose concentrations in the con- 
trol of diabetes mellitus. 

In European patent application number 8481 021 2.5 
which was published under number 160768 on Novem- 
ber 1 3, 1 985, there was proposed a spectrophotometric 
method and apparatus for directing a light beam into 
body tissues and analyzing the transmitted or 
back=scattered energy to detect the presence of glu- 
cose. 

In an article entitled "Principal component regres- 
sion in NIR analysis: Viewpoints, background details 
and selection of components" by Tormod Naes and Har- 
ald Martens, which was published in the Journal of Ch- 
emometrics. Vol 2, No. 2, April 1988, Chichester, Sus-. 
sex, England, the use of near-infrared diffuse reflect- 
ance spectroscopy was described for the rapid quanti- 
tative analysis of the percentage of fat in samples of fish 
meat employing the use of principal component regres- 
sion. 

Resolution of multicomponent spectra by multiple 
regression and linear programming is proposed in an 
article by Gayle and Bennet in Analytical Chemistry Vol. 
50, No. 14. 

It is, accordingly an object of the present invention 
to provide a new and Improved method of and apparatus 
for determining characteristics of a biological analyte 
sample. 

Another object of the present invention to provide a 
new and improved apparatus for and method of using 
infrared energy for analyzing biokDgical fluids wherein 



the apparatus and method are particularly suitable for 
analyzing samples having concentrations of substances 
which variably or differentially absorb the Infrared ener- 
gy- 

5 Described below is a new and improved method of 
and apparatus for utilizing Infrared energy to determine 
a characteristic, e.g., concentration of a biological ana- 
lyte by comparison of the absorption characteristics of 
said sample with a mathematical model constnjcted 
10 from several pre-stored spectra of bk>logicat fluids hav- 
ing known absorption versus wavelength characteristics 
at known analyte concentrations. 

One arrangement to be described provides a new 
and improved apparatus for and method of analyzing 
15 biological fluids with infrared energy wherein interfer- 
ence with the infrared energy due to numerous physio- 
logical perturbations over time and between people 
does not have a particular adverse effect on the results. 

It will be seen below that it is possible to provide a 
new and improved apparatus for and method of using 
infrared energy to analyze biological fluids, wherein 
non-linearities due to various causes, for example, 
spectroscopic Instrumentation, refractive index disper- 
sion, and/or inter-molecular interactions, do not have an 
adverse effect on the analysis results. 

A feature to be described makes it possible to pro- 
vide a new and improved apparatus for and method of 
using infrared energy to determine the nature of a bio- 
logical sample wherein the presence of unknown bio- 
logical materials in the sample does not interfere with 
the analysis of the sample, as long as these unknown 
biological materials are present in a calibration set which 
is used to derive a mathematical model which repre- 
sents the response of known fluids to the infrared ener- 
gy- 

A feature to be disclosed enables the provision of a 
new and improved apparatus for and method of using 
infrared energy to determine characteristk:s of biological 
fluids wherein outlier samples subsisting in a calibration 
set used to derive a mathematical model are identified 
and either eliminated or accommodated so as not to 
have an adverse effect on the determination. 

One arrangement to be described provides a meth- 
od of and apparatus for identifying the presence of out- 
liers. The quality of the calibration results and the relia- 
bility of the unknown sample analyses can be critically 
dependent on the detection of outlier samples. In the 
calibration set, an outlier is a sample that does not ex- 
hibit the characteristic relationship between composi- 
tion and the absorbance spectrum of the other calibra- 
tion samples. During predk:tion, an outlier is a sample 
that is not representative of samples in the calibration 
set. Outliers in the calibration samples can impair the 
precision and accuracy of the calibration and limit the 
quality of the analyses of all future samples. The results 
of the analyses of outlier unknown samples by multivar- 
iate calibration cannot be considered reliable, and sam- 
ples containing outliers should be analyzed by other 
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methods. Thus, efficient detection of outlier samples is 
crucial for the successful application and wide accept- 
ance of multivariate spectral analyses. For example, 
outliers occur as a result of changes In instrumental re- 
sponse, incorrect analyte determination by the refer- 
ence method, unique type of sample, unexpected com- 
ponents, unusual baseline, incorrectly labeled or docu- 
mented sample, etc. 

Still another arrangement to be described below 
provides a new and improved biological fluid analysis 
apparatus and method which is particularly adaptable, 
in certain embodiments, to non-invasive determina- 
tions. 

In one particular arrangement to be described; the 
concentration of a biological fluid containing an analyte 
is determined from a model constructed from plural 
known biological fluid samples. The model is a function 
of the concentration of materials in the known samples 
as a function of absorption of at least several wave- 
lengths of infrared energy. The infrared energy is cou- 
pled to the analyte containing sample so there is differ- 
ing absorption of the infrared energy as a function of the 
several wavelengths and characteristics of the analyte 
containing sample. The differing absorption causes in- 
tensity variations of the infrared energy passing through 
the analyte containing sample as a function of the sev- 
eral wavelengths. The thus-derived intensity variations 
of the infrared energy as a function of the several wave- 
lengths are compared with the calibration model relating 
concentration to plural absorption versus wavelength 
patterns derived from the plural known biological fluid 
samples having various concentrations. The compari- 
son enables the determination of the analyte concentra- 
tion from the measured intensity variations for the bio- 
logical fluid containing the analyte. In a preferred ar- 
rangement, the comparison is made in a computer by 
the partial least squares method, although other multi- 
variate techniques can be employed. 

In the computer Implementation, the intensity vari- 
ations as a function of wavelength are converted into - 
plural first electric signals, such that different ones of the 
first electric signals are assigned to different ones of the 
wavelengths. The magnitude of each of the different first 
signals is determined by the intensity of the transmitted 
energy at the wavelength assigned to that particular first 
signal. The transmitted energy in the presence of the 
analyte containing sample is statistically compared with 
the transmitted energy in the absence of the sample to 
determine the absorption by the biological analyte con- 
taining fluid. 

A multivariate statistical method, preferably using 
the partial least squares technique in a manner known 
in the statistical art, enables a model to be constructed 
of the infrared absorption versus wavelength character- 
istics and analyte concentrations. Following determina- 
tion of the calibration model, the infrared absorption ver- 
sus wavelength of the unknown fluid enables estimation 
of the analyte concentration. For example, if blood is be- 



ing monitored, the glucose concentration of the blood 
can be determined by a statistical comparison between 
the model and the unknown sample absorption of the 
infrared energy at several wavelengths. If the absorption 

5 versus wavelength characteristics, i.e., spectaim, of the 
unknown fluid containing the analyte differ sufficiently 
from the spectrum generated by the model, the statisti- 
cal analysis enables a determination to be made that 
the absorption of the unknown fluid at the different wave- 

10 lengths does not closely enough match the model to pro- 
vide any meaningful data. This is particularly important 
for certain applications, e.g., relating to insulin control 
for a subject. A controller for insulin injection is not ac- 
tivated in response to the absorption versus wavelength 

IS characteristics derived from the analyte if the analyte 
data do not adequately fit the model. 

It has been found that the presence of alcohol in the 
blood of a diabetic overlaps with the analyte absorption 
versus wavelength characteristics to such an extent that 

20 accurate determination of glucose concentrations is im- 
possible with univariate methods, as in the prior art. By 
utilizing the multivariate technique of the present inven- 
tion, it is possible to derive an indication that the absorp- 
tion data for the unknown sample at several frequencies 

25 do not provide a basis upon which to derive meaningful 
glucose concentrations for determination of control sig- 
nals to an insulin pump. Thereby, if the measured un- 
known spectrum differs to such an extent from the model 
that there is, in fact, no adequate fit between them, the 

30 insulin pump controller is not modified and the operator 
is made aware of a possible error in the concentration 
determination. If the partial least squares method is 
used to determine the fit between the model and the un- 
. known sample absorption versus wavelength response, 

35 a statistical measure representing the quality of the fit 
between the model and the unknown spectrum In ex- 
cess of a predetermined value provides an indication 
that analysis may be unreliable. 

A further feature that will be evident from the de- 

40 scription is that outlier samples can be detected and/or 
eliminated from a calibration set of biological fluids. The 
outlier samples are detected and eliminated from the 
calibration set by utilizing the multivariate technique for 
each calibration sample forming the model. The absorp- 

45 tion versus wavelength responses for at least several 
wavelengths of each of the fluids forming the calibration 
set are derived. The absorption versus wavelength 
characteristic of each sample is compared to the model 
generated from all of the other calibration samples. A 

50 predetermined level of acceptable variation for each 
sample spectrum from the model is established. A sta- 
tistical test (typically the calculation of F-statistics or the 
Mahalanobis distance) is employed to determine which 
sample or samples of the calibration set exceed the pre- 
ss determined level of acceptable variation. Hence, for ex- 
ample, if a particular fluid contemplated for use in es- 
tablishing the calibration set differs from the remaining 
samples in the set by a predetermined amount, that par- 
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ticular fluid is not used as a member of the calibration 
set. 

The respective intensity variations can be convert- 
ed into electric signals using several different frequency 
dispersive techniques including Fourier transform tech- 
niques. One possible realization utilizes an array of in- 
frared-to-electrical transducers, one of which is provid- 
ed for each of the wavelengths so that different ones of 
the transducers derive different ones of the electric sig- 
nals. In one of the embodiments, the array includes mul- 
tiple individual filters each having a passband for one of 
the wavelengths. The filters are positioned relative to 
the transducers so that the infrared energy passed 
through one of the filters is incident on a corresponding 
one of the transducers. In another arrangement, the ar- 
ray includes a sheet of infrared gradient wavelength re- 
sponsive material having areas positioned relative to the 
transducers so that the infrared energy passed through 
different areas of the sheet is incident on corresponding 
different transducers. In a further arrangement, each of 
the transducers has a different chemical composition or 
is doped to be responsive to a different one of the sev- 
eral wavelengths. 

In an arrangement particularly adapted for monitor- 
ing in vitro biological fluids, the infrared energy is cou- 
pled to the fluid via an attenuated total reflectance crys- 
tal and the infrared source is in the mid-infrared spec- 
trum. It is also possible to use external mid-infrared sam- 
pling for biological fluids which are circulating outside of 
the body, such as blood components during dialysis. For 
in situ analysis, such a crystal is implanted in the body 
and has a blo-compatible coating saturated or in contact 
with body fluids. 

In another arrangement, a catheter including a fiber 
optic element is inserted into an artery of a subject. The 
end of the fiber optic element in the artery has a reflec- 
tive end coating. Infrared energy, either in the near-in- 
frared or in the mid-infrared spectrum, illuminates the 
opposite end of the fiber optic element. The portion of 
the fiber optic element in the artery functions in the same 
manner as an attenuated total reflectance crystal. In 
systems utilizing the attenuated total reflectance ele- 
ment and the fiber optic element, blood or other body 
fluids irradiated by the optical energy of the infrared 
source differentially absorb the different frequencies to 
enable the multivariate analysis to be performed. 

In yet another arrangement an optical fiber elerpent 
transmitting in either the mid-infrared or near- infrared 
spectrum is inserted into the body for analysis of inter- 
stitial or subdermal fluid. The portion of the fiber in con- 
tact with the Interstitial fluid functions in the same man- 
ner as an attenuated total reflectance element. In the 
specifically disclosed embodiments, such techniques 
are used for fluid monitoring in an earlobe through the 
use of a fiber optic loop including a fiber optic element 
that pierces the earlobe and transmits the non-absorbed 
energy to a frequency dispersing array. 

In other arrangements to be described, optical en- 



ergy in the near-infrared spectrum is directly transmitted 
through a body portion and an analysis of wavelength 
versus absorption over several wavelengths of the 
spectrum is performed. In the specifically disclosed em- 

5 bodiments. a digit, such as the index finger of a subject, 
or an artery, is irradiated with several wavelengths in the 
near-infrared spectrum. 

In a further arrangement, a biological sample fluid 
in an Internal organ, such as the brain or liver, is irradi- 

^0 ated by severaf wavelengths in the near-infrared spec- 
trum. A source of the near-infrared energy is placed In 
close proximity to a body part, such as the head or ab- 
domen, containing biological fluid. The sample fluid in 
the organ diffusely reflects the near-infrared wave- 
rs lengths and intensity versus wavelength responses at 
several wavelengths are measured and used in with the 
derived mathematical model to derive the analyte con- 
centration. - , 

Hence, the sample being analyzed includes a com- 

20 ponent that absorbs the infrared energy at a plurality of 
the wavelengths to which the source-detector combina- 
tion is sensitive so that the thus-derived intensity varia- 
tions are determined by absorption by the component 
at the plural wavelengths. The plural pre-stored patterns 

25 represent absorption by the known fluids at these plural 
wavelengths. The concentration determination step in- 
volves comparing the intensity of the thus-derived inten- 
sity variations at the plural wavelengths with a mathe- 
matical model derived from the absorption intensities of 

30 the pre-stored patterns at these plural wavelengths. The 
component, in a preferred embodiment, consists of glu- 
cose. However, the device could be used tor quantitizing 
alcohol, ketones, fatty acids, cholesterol, lipoproteins, 
triglycerides, white blood cells, albumin, blood urea ni- 

35 trogen, creatinine, concurrent medications such as 
drugs, inorganic molecules such as phosphates, and 
any other infrared absorptive component present in a 
biological analyte fluid. 

Other source/detector configurations are feasible, 

^ such as a single or multiple element detector in conjunc-. 
tion with a dispersive Hadamard transform spectrome- 
ter or a Fourier transform infrared spectrometer. In ad- 
dition, a standard prism or grating assembly could be 
employed. In one arrangement disclosed, there is a fre- 

45 quency dispersing arrangement to provide a unique fre- 
quency or wavelength intensity indication at each array 
element or channel. The disclosed structures for fre- 
quency dispersal, however, are of particular value for 
the present application because they are relatively small 

so dispersion/detector assemblies. 

The mid-infrared spectrum is preferred In applica- 
tions utilizing attenuated total reflectance crystals or fib- 
er optic elements because the mid-infrared frequencies 
have a severely limited penetration depth into biological 

55 fluids. The penetration diepth of the mid-infrared spec- 
trum into biological fluids occurs primarily as a result of 
water absorption so that transmission methods are not 
usually feasible in the mid-infrared spectrum. Hence, for 
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those arrangements using transmissivity. rather than re- 
flectance, techniques, the infrared source Is preferably 
In the near-infrared spectrum. 

Typically, absorptivities of biological fluids In the 
nn id-infrared spectrum are about an order of magnitude 
more intense than in the near-infrared spectrum. This is 
because the spectral features in the near-infrared spec- 
trum are overtones and combination bands of spectral 
features In the mid-infrared region. While attenuated to- 
tal reflectance methods could be used with a near-infra- 
red source, the decreased absorptivity of molecular spe- 
cies In the near-infrared spectrum decreases the preci- 
sion of the analysis, without any benefits relative to us- 
ing energy in the mid-Infrared region. Hence, for embod- 
iments of the invention using attenuated total reflect- 
ance, the infrared source is preferably In the mid-infra- 
red spectrum. 

Certain arrangements to be described are particu- 
larly adapted to be used for In situ investigations, where- 
in a devise is implanted in the body of a subject. The 
embodiment utilizing the mid-infrared spectrum and the 
bio-compatible attenuating total reflectance crystal, the 
embodiment which monitors blood flow through an ar- 
tery and the embodiment which monitors interstitial or 
subdermal fluids are designed to be Implanted In the hu- 
man body cavity. Such devices are particularly adapted 
to provide continuous control signals to an Insulin pump 
of a diabetic. The insulin pump responsive to a detector 
of the type described replaces the physiological activi- 
ties of the pancreas by simultaneously sensing glucose 
levels and providing proper insulin delivery. 

The following description and drawings disclose 
various an*angements which are helpful In understand- 
ing the present invention, and by means of example, the 
invention which is characterized in the appended 
claims, whose terms determine the extent of the protec- 
tion conferred hereby. 

The above and still further objects, features and ad- 
vantages of the present invention will become apparent 
upon consideration of the following detailed description 
of a specific embodiment thereof, especially when taken 
in conjunction with the accompanying drawings. 

Fig. 1 is a schematic diagram of an arrangement 
which is particularly adapted for monitoring in vitro 
biological fluids using mid-Infrared spectroscopy 
and an attenuated total reflectance crystal; 
Fig. 2 is a schematic diagram of another arrange- 
ment employing an implanted sensor for monitoring 
biological fluids using mid-Infrared spectroscopy 
and an attenuated total reflectance crystal; 
Fig. 3 is a schematic diagram of a further arrange- 
ment wherein blood in an artery is sampled via a 
fiber optic element for a mid-infrared or a near-in- 
frared source; 

Fig. 4 Is a schematic diagram of a further arrange- 
ment using a fiber optic loop for monitoring biolog- 
ical fluids in an eariobe of a subject, wherein the 



eariobe is Irradiated via the fiber optic loop by a 
source emitting several wavelengths of optical en- 
ergy in the near-infrared or mid-Infrared spectrum; 
Fig. 5 is a schennatic, perspective view of a further 

5 embodiment of the invention particularly adapted 
for monitoring blood components in a human index 
finger using near-Infrared spectroscopy and non-in- 
vasive transmission sampling; 
Fig. 6 is a schematic, perspective view of a further 

10 embodiment of the invention for monitoring biolog- 
ical fluids in the brain non-invasively by using near- 
infrared spectroscopy and diffuse reflectance sam- 
pling; 

Fig. 7 is a schematic, perspective view of an ar- 
15 rangement wherein a body implanted housing con- 
tained a near-infrared source irradiates blood in an 
artery of a subject; 

Fig. 6 is a schematic, perspective view of an ar- 
rangement employing multiple individual filter ele- 
20 ments for providing frequency dispersion; 

Fig. 9 is a schematic, perspective view of a frequen- 
cy dispersion devise wherein a single gradient re- 
sponse filter sheet controls the wavelength of infra- 
red energy incident on elements of a diode array 
25 detector; and 

Fig. 10 is a perspective view of a further arrange- 
ment wherein each element of a diode detector ar- 
ray is constructed so that it is responsive to optical 
energy of a different infrared wavelength. 

30 

Reference is now made to Fig. 1 of the drawing 
wherein vessel 11 contains human blood sample 12 to 
be analyzed for glucose content. Blood analyte sample 
1 2 is obtained from a typical in vitro source, such as from 
35 a patient undergoing surgery in a hospital operating 
room or a patient in a hospital intensive care ward. Blood 
analyte flows into and out of vessel 11 via conduits 8 
and 9, respectively. Extending between and through end 
walls of vessel 11 is attenuated total reflectance crystal 
40 1 3, having an index of refraction greater than the index 
of refraction of blood sample 12. Crystal 13 includes 
conical, opposite end portions 14 and 15 which extend 
beyond end walls of vessel 11. 0-ring seals 16 secure 
crystal 1 3 in place in apertures of the end walls of vessel 
<s 11, to prevent leakage of analyte sample 12 from the 
vessel. 

Optical energy from wideband mid-infrared (be- 
tween 50 and 2.5 micrometers) black body source 17 is 
coupled to tapered wall portion 14 via cylindrical lens 
so assembly 1 6. Lens assembly 1 6 includes central convex 
reflector surface 1 9. having an axis coincident with the 
bngrtudinal axis of crystal 13. Convex surface 19 faces 
source 17, that isalignedwiththeaxisof crystal 13. Lens 
assembly 18 comprises a circular mirror including con- 
55 cave reflecting surfaces 21 and 22, respectively posi- 
tioned above and bebw the longitudinal axis of crystal 
1 3. Concave reflecting surfaces 21 and 22 are disposed 
on opposite sides, above and below, reflecting surface 
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19. Reflecting surfaces 19, 21 and 22 are such that op- 
tical energy from source 17 is initially incident on reflect- 
ing surface 1 9, thence is reflected to concave reflecting 
surfaces 21 and 22 and thence is directed to conical end 
portion 14 of crystal 1 3. The optical energy from source 5 
17 coupled to crystal 13 is reflected in the crystal as 
shown by ray paths 23 and 24. The structure illustrated 
in Figure 1 including vessel 11, crystal 13 and lens as- 
sembly 1 8 is commercially available from Spectra-Tech, 
Inc., under the CIRCLE CELL trademark. 

Some of the optical energy coupled from source 17 
to crystal is transmitted from the crystal to sample 12, 
as shown by wavy lines 25 just beyond the intersection 
of the crystal and sample. Different wavelengths, i.e.. 
frequencies, of source 17 are differentially absorbed by 
sample 1 2 as a function of concentrations of organic and 
inorganic molecules in the sample. In other words, cer- 
tain wavelengths emitted by source 1 7 are absorbed by 
sample 12 to a greater extent than other wavelengths 
from the source. The absorption occurs in sample. 12 
just beyond the interface between crystal 1 3 and the 
sample. Since the degree of absorption determines the 
amount of reflectance, those wavelengths which are 
most highly absorbed have the lowest intensity as they 
propagate from tapered, conical end portion 1 5 of crys- 2S 
talis. 

The intensity versus wavelength characteristics of 
the infrared energy for at least several of the wave- 
lengths of source 17 propagated from.end portion 15 of 
crystal 13 are detected to enable the concentration of 30 
sample 12 to be determined. To this end, the infrared 
energy propagating from conical end face portion 15 of 
crystal 13 is incident on concave reflecting surfaces 31 
and 32. From reflecting surfaces 31 and 32. the non- 
absorbed infrared energy from source 17 is incident on 3S 
the convex reflecting surlace 33. From reflecting surface 
33, the optical energy is coupled to a frequency disper- 
sion device 34 including diode array detector 35. 

Frequency dispersion device 34 and photodiode ar- 
ray detector 35 are arranged so that the array includes 40 
multiple output leads, one of which is assigned to a par- 
ticular wavelength or narrow range of wavelengths of 
source 17. The amplitude of the voltage developed on 
each of the leads is commensurate with the intensity of 
the infrared energy incident on each particular detector 
in array 35 for the wavelength of the source associated 
with that detector. Typically, the photodiodes of array de- 
tector 35 are passive, rather than photovoltaic although 
photovoltaic devices may be employed. Thereby, the di- 
odes of array detector 35 must be supplied with DC pow- 50 
er supply voltages, as derived from power supply 36 and 
coupled to the diodes of array detector 35 via cable 37. 
The impedance of the diode elements of array detector 
is changed as a function of the intensity of the optical 
energy incident thereon in the passband of source 17 ss 
associated with each particular photodiode element 
The impedance changes control the amplitude of sig- 
nals supplied by array detector 35 via bus 38 to a ran- 



dom access memory of computer 39. 

Computer 39 includes a memory having stored 
therein a multivariate statistical model determined from 
the concentration versus absorbance versus wave- 
length characteristics of several known blood samples. 
Such a model is constructed using techniques known 
by statisticians. 

Computer 39 determines the biological characteris- 
tics of analyte sample 12 by comparing the model with 
the amplitude versus wavelength response from array 
35. Preferably, the comparison is made by a partial least 
squares technique, as disclosed, for example, by Lind- 
berg et al. Analytical Chemistry, Vol. LV. p. 643 (1983) 
in an article entitled, "Partial Least-Squares Method for 
Spectrofluorometric Analysis of Mixtures of Humic Acid 
and Ligninsulfonate;' Martens et al, Applied Spectros- 
copy. Vol. XL, p. 303 (1986) entitled 'Near-Infrared Re- 
flectance Determination of Sensory Quality of Peas;" 
Haaland et al, Analytical Chemistry, Vol. LX, p. 1193 
(1988) in an article entitled "Partial Least Squares for 
Spectral Analyses. 1. Relation to Other Quantitative 
Calibration Methods and the Extraction of Qualitative In- 
formation;*. Haaland et al, Analytical Chemistry. Vol. LX. 
p. 1203 (1988) in an article entitled "Partial Least- 
Squares Methods for Spectral Analyses. 2. Application 
to Simulated and Glass Spectral Data;" Haaland, Ana- 
lytical Chemistn^ . vol. LX. p. 1208 (1988). in an article 
entitled "Quantitative Infrared Analysis of Brophospho- 
silicate Films Using Multivariate Statistical Methods;" 
and Haaland et al. Proceedings of Pittsburgh Confer- 
ence. Vol. XL, p. 874 (1 989) in an article entitled "Outlier 
Detection During Multivariate Quantitative Analysis of 
Spectroscopic Data.' While the partial least squares 
method has been found to be precise, other techniques, 
such as a principal component regression analysis, can 
be utilized to determine the greatest similarity between 
the mathematical model and the amplitude versus 
wavelength response resulting from the unknown, test- 
ed fluid. 

Considerable improvement in detection precision is 
obtained by simultaneously utilizing at least several 
wavelengths from the entire spectral frequency range of 
source 17 to derive data for a multivariate analysis. The 
multivariate method allows both detection and compen- 
sation for interferences, the detectbn of outlier samples, 
as well as for niodeling many types of non-linearities. 
Since the calibration samples used to derive the model 
have been analyzed on a multivariate basis, the pres- 
ence of unknown biological materials in sample 1 2 does 
not prevent or distort the analysis. This is because these 
unknown biological materials are present in the pre- 
stored multivariate calibration samples used to form the 
model. The multivariate method provides for detection 
of outliers, i.e., those samples that do not exhibit the 
characteristic relationship between composition and the 
absorbance spectrum of other calibration samples. 
Identifying and removing outlier samples from the cali- 
bration set improves the accuracy and precision of the 
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analysis. Identification of the spectrum of sample 12 as 
an outlier (dissimilar from the calibration set) provides 
methods of evaluating the validity of the concentration 
prediction calculations. 

Identification of an outlier spectrum from unknown sam- 
ples, such as sample 12, Is important since the results 
from analysis of an outlier sample are unreliable. Dire 
consequences could result if clinical decisions were to 
be based on unreliable analyses. It is also possible, uti- 
lizing known statistical. methods, to identify the reason 
a sample is an outlier from the multivariate analysis, 
such as a malfunctioning apparatus. 

After the partial least squares technique has been 
empfoyed by computer 39 to determine the characteris- 
tics of sample 1 2. the computer derives an indication of 
the concentration of the analyte in the unknown sample. 
For example, the computer derives the concentration of 
glucose in the bloodstream. The indication derived by 
computer 39 is coupled to conventional alphanumeric 
visual display 41 . 

The device illustrated in Figure 1 is used to examine 
in vitro drawn samples as obtained from blood routed 
outside the body. A similar structure could also be used 
to analyze urine, saliva and other biological fluids for in- 
frared active analytes thereof. 

A device operating on principles similar to those of 
the device illustrated in Figure 1 , but which is implanta- 
ble in the human body, is illustrated in Figure 2. The de- 
vice illustrated in Figure 2 includes attenuated total re- 
flectance crystal 51 having a planar face with bio-com- 
patible crystal coating 52 thereon. Coating 52, fabricat- 
ed from any suitable material, such as a polyurethane 
foam, is in direct contact with the biological fluids of in- 
terest. Coating 52 is a porous film permitting penetration 
of molecular species smaller than antibodies so that the 
molecular species of the blood or other biological fluid 
is in direct contact with the face of crystal 51. Alterna- 
tively, coating 52 could be thin enough to permit pene- 
tration of infrared optical energy from crystal 51 directly 
Into body fluid or tissue. 

Crystal 51 includes inclined end faces 54 and 55 
between which coating 52 extends. End face 54 trans- 
mits optical energy from wide band mid-infrared source 

56, located in housing 53 and surrounded by reflector 

57, having a circular cross section and shaped as a 
sheet. Reflector 57 includes mid-infrared source 56, ad- 
jacent end face 55 so that infrared energy from source 
56 is coupled to end face 55 and to the crystal interior.. 
Infrared source 56 is energized by DC power supply 59 
in housing 53. 

The biological body fluid 1n contact with coating 52 
differentially absorbs the several wavelengths of wide 
band source 56. Thereby, the infrared energy at the dif- 
ferent wavelengths of source 56 has variable intensity 
as it is propagated from end face 55 of crystal 51. The 
infrared energy propagating from end face 55 is gener- 
ally directed in an upward manner, to be incident on hor- 
izontally extending reflective surface 61 and inclined re- 



flective surface 62. 

The wide band infrared energy incident on reflective 
surfaces 61 and 62 is directed to frequency dispersk>n 
device 63, thence to diode array detector 64, energized 

5 ■ by power supply 59 via bus 65. Detector array 64 in- 
cludes multiple output leads in bus 66 so that the ampli- 
tude of the signal on each lead in bus 66 represents the 
intensity of the infrared energy associated with a partic- 
ular passband associated with each detector element of 

TO the array. The signals In bus 66 are coupled to a random 
access memory of computer 67 which is constructed in 
the same manner as computer 39, Figure 1 . After com- 
puter 67 determines the characteristics of analyte fluid 
contacting coating 52 from the intensity versus wave- 

is length variations incident on array 64, the computer ac- 
tivates an insulin pump to control the glucose concen- 
tration of the subject. Alternatively, the data on bus 66 
could be transmitted to a computer externa! to the body 
of the subject. A wireless communication link for control 

20 of the pump or for the data is established by radio trans- 
mitter 60, connected to computer 67 or bus 66, as re- 
quired. 

Reference is now made to Figure 3 of the drawing 
wherein fiber optic element 71 , surrounded by a catheter 

25 (not shown) is illustrated as being inserted into artery 72 
of arm 73 of a subject. Fiberoptic element 71 is a single 
fiber optic infrared transmitter having an infrared reflec- 
tive coating for internal reflection, as well known in the 
art. The end of fiber optic element 71 positioned in artery 

30 72 includes end face 74 having a reflective end coating 
thereon, while the opposite end of the fiber optic element 
in housing 75 has conical tip 76. 

One side of conical tip 76 is illuminated by wide' 
band infrared energy either in the mid-infrared range or 

35 near-infrared (2.5-0.7 micrometers) range, as derived 
from a source including infrared emitter 78 and reflector 
79 having a circular sheet-like reflecting surface. Reflec- 
tor 79 includes opening 81 in proximity to one side of 
conical end 76. Optical energy from source 78 incident 

40 on one side of conical tip 76 Is transmitted from the tip 
along the length of fiber optic element 71 to artery 72. 
The optical energy in fiber optic element 71 is reflected 
from end face 74 back along the length of the fiber optic 
element to conical tip 76. The portion of fiber optic ele- 

<s ment 71 imbedded In artery 72 does not include the usu- 
al protective coating such as a polyamide coating. Since 
the index of refraction of fiber optic element 71 is greater 
than that of the blood in artery 72 the fiber optic element 
functions along the entire length embedded in the artery 

50 basically in the same manner as attenuated total reflect- 
ance crystals 1 3 and 51 . 

The infrared optical energy transmitted back from 
artery 72 via fiber optic element 71 to conical tip 76 is 
transmitted from thia side of the conical tip opposite from 

55 the side adjacent opening 81 so that the energy trans- 
mitted from the tip is incident on frequency dispersion 
device 82. thence is coupled to diode detector array 83. 
Detector array 83 and infrared source 78 are energized 
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by DC power supply 64. Detector array 83 supplies com- 
puter 85 with signals via bus 86 to indicate the infrared 
absorption by the blood In artery 72 of the optical energy 
from source 78 for each of several frequency bands of 
the source. Computer 85 includes a program with a read 
only menrK>ry as described supra with regard to compu- 
ter 39, to determine the characteristics of the blood in 
artery 72. 

The optical energy from tip 76 is coupled to frequen- 
cy dispersion device 82 via a reflective system (not 
shown) sorhewhat similar to that illustrated in Figure 2. 
Such a reflective system is desirable because the emit- 
ting surface of conical tip 76 is off axis from frequency 
dispersion device 82 and diode detector array 63. 

Fiber 71 has several advantages, relating to flexi- 
bility, ability to transmit light to remote locations and 
small diameter, usually less than a millimeter, to provide 
intravascular, intramuscular, interstitial and transdermal 
use. With the currently available fiber optic elements, 
source 78 may be either a mid-infrared or a near-infra- 
red wideband emitter Currently available fiber optic el- 
ements are more transmissive In the 2.5-0.7 microme- 
ter, near-infrared region than In the mid-infrared 50-2.5 
micrometer region. However, the near-infrared region 
has the disadvantage of relatively low absorptivity by or- 
ganic species relative to the absorptivity in the mid-in- 
frared region. 

The device of Figure 3 could also be an interstitially 
Imbedded optical fiber system or could be used to meas- 
ure concentrations of biological fluid analytes outside of 
the vascular system. 

In response to the comparison made by computer 
85 of the model stored therein with the data derived from 
bus 86, the computer derives an indication of the char- 
acteristics of the analyte fluid in artery 72. The compar- 
ison and resulting concentration computation are made 
in computer 85 by the partial least squares technique. 
The concentration indication is supplied by computer 85 
to alphanumeric display 87. 

The model stored in computer 85 is computed by a 
' general purpose computer using the partial least 
squares method with absorption versus wavelength re- 
sponses from plural known biological samples. The con- 
centration in each of the known biological samples is 
typically determined using invasive enzymatic, chemical 
or immunological techniques. The model data relating 
absorption versus wavelength response to concentra- 
tion are read from the general purpose computer into 
the menrrary of microcomputer 85 prior to installation of 
the microcomputer into the apparatus Illustrated in Fig. 
3. The partial least squares computation by computer 
85 also enables a determination to be made that the ab- 
sorption versus wavelength response for the measured 
unknown sample cannot be associated with the concen- 
tration of the analyte in the blood. In particular, if the F- 
statistic determined using the partial least squares algo- 
rithm and computed from the model and unknown sam- 
ple absorption versus wavelength response exceeds a 



predetermined value, the analyte concentration in the 
unknown sample cannot be readily determined. If this 
happens, display 87 is activated accordingly and no 
control, such as via radio transmitter 60, over an insulin 

s pump is instituted. 

In the embodiment illustrated in Figure 4, several 
infrared wavelengths in the near-infrared or mid-infrared 
range are transmitted frorin wide band source 91 in hous- 
ing 92 via a fiber optic loop including fiber optic element 

10 93 to ear lobe 95 of a human subject. The protective 
coating of optical fiber element 93 is removed to allow 
contact of the fiber with the ear as the fiber pierces 
through a portion of the ear. The exposed portion of the 
fiber surrounded by the ear thereby acts as an attenu- 

t5 ated total reflectance element. Following penetration of 
the ear, the optical fiber is again coated with a protective 
coating. The optical energy Is transmitted from endface 

97 to endface 1 01 by a continuous fiber with only region 

98 extending through the earlobe being uncoated so 
20 there is an interaction of the infrared light transmitted 

through element 93 with the surrounding sample medi- 
um In the ear lobe. 

The infrared energy emerging from end face 101 is 
transmitted by horizontal and inclined planar reflectors 

25 1 02 to frequency disperser 1 03 and diode detector array 
104. Frequency disperser 1 03 and diode detector array 
104 function with computer 105, display 106 and power 
supply 1 07 in the same manner as described supra, with 
regard to Figs. 1-3. A radio transmitter 60 may also be 

30 employed. 

A fiber optic loop system similar to that of Figure 4 
can be used to penetrate other portions of the body 
which permit sampling of the subdermal region. These 
types of arrangements can also be used with an uncoat- 

35 ed optical fiber in a disposable needle device. In such a 
situation, the fiber Is changed daily to prevent fibrin ac- 
cumulation on the needle. It has been found that such 
a disposable needle penetrating the body is very well 
suited to control insulin delivery for waist-mounted insu- 

40 lin pumps. 

The fiber optic transmission system of Figure 4 is 
more suitably used in conjunction with infrared sources 
in the near-infrared region than sources in the mid-in- 
frared region. This is because the longer attenuation by 

45 currently available fiber optic elements for mid-infrared 
wavelengths than for near-infrared wavelengths. The 
devices illustrated in Figures 1-4 all use attenuated total 
reflectance principles. The invention is also applicable 
to techniques using transmission of infrared energy, 

so usually in the near-infrared range. 

The present invention can be used to analyze bio- 
logical fluids in other body parts. In the embodiment of 
Figure 5, used to monitor blood in the Index finger of a 
human subject, housing 111 includes parallel top and 

55 bottom faces 112 and 113. each having mating, aligned 
apertures 114, particularly adapted to receive a subject 
index finger. The volume in housing 111 between aper- 
tures 114 thus defines a cylinder, on opposite sides of 
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which are located near-Infrared source 1 1 6 and frequen- 
cy dispersion device 119. Near-infrared source 116 is 
surrounded by sheet-like reflector 117 having a circular 
cross section. Optical energy from source 116 is trans- 
mitted directly toward frequency dispersion device 119 
and is reflected by reflector 117 so that rays of the near- 
infrared energy are transmitted through an Index finger 
Inserted into housing 111. The rays transmitted through 
the finger are Incident on frequency dispersion device 
119 and on parallel horizontally disposed reflecting sur- 
face 1 20 which directs them to device 1 1 9. In close prox- 
imity to frequency dispersion device 11 9 is diode detec- 
tor array 118 which supplies computer 121 with signals 
to enable display 1 22 to be energized. Power supply 1 23 
energizes the diodes of array 118 and source 116. A ra- 
dio transmitter, such as previously discussed, may also 
be incorporated. 

* Hence, in the embodiment of Figure 5, optical en- 
ergy In the near-infrared spectrum Is transmitted directly 
through the Index finger inserted through apertures 114 
Into housing 111. Blood in the Index finger differentially 
absorbs different wavelengths from source 116. The dif- 
ferential absorption is detected by monitoring the ampli- 
tude at the different wavelengths coupled by frequency 
dispersion device 119 to diode detector array 118. 

. Principles of the direct near-Infrared transmission 
system illustrated in Figure 5 can be used to measure 
concentrations of species in other body parts. For ex- 
ample, housing 111 can be modified so that the abdo- 
men, ear lobe, wrist or other appendages are located 
between the hear-infrared source and reflector combi- 
nation and the frequency dispersion device and diode 
detector array. 

The device illustrated in Figure 6, used to monitor 
biological fluids non-invasively using near-infrared 
spectroscopy and diffuse reflectance sampling, in- 
cludes housing 131 in which are located near-infrared 
source 132 and reflector assemblies 133 and 134. Re- 
flector assembly 133 is configured as a sheet having a 
semi-circular cross section that approximately sur- 
rounds source 1 32 and has an opening at one end face 
of housing 131 . Reflector assembly 134, located imme- 
diately above reflector assembly 1 33, includes an open- 
ing in the same end face of housing 1 31 . The end face 
of housing 1 31 where the apertures of reflector assem- 
blies 133 and 134 are located is adapted to be placed 
directly against a body part, such as the head or the ab- 
domen, for monitoring biological fluids in the brain or liv- 
er. The optical energy from source 1 32 and reflector as- 
sembly 1 33 penetrates to the interior of the body part of 
interest and is diffusely reflected from the blood or other 
biological fluid in the organ being monitored. The optical 
energy from source 1 32 and reflector 1 33 is differentially 
absorbed by the organ being analyzed within the body, 
so that diffusely reflected optical energy propagated 
from the organ through the body is incident on reflector 
assembly 134. The diffusely reflected infrared energy 
incident on reflector assembly 134 is coupled to fre- 



quency dispersion device 1 35, thence to diode detector 
array 1 36 which drives computer 1 37 to energize display 
138, as described supra. Power supply 139 energizes 
infrared source 1 32 and diode detector array 1 36. A ra- 

5 dio transmitter 60 may also be used. 

Reference is now made to Figure 7 of the drawing, 
a schematic diagram of an implantable apparatus for 
monitoring biological fluids using near-infrared spec- 
troscopy, wherein near-Infrared energy Is transmitted 

10 through an internal body part, such as artery 141. The 
apparatus illustrated in Figure 7 is located in housing 
1 42, including parallel top and bottom faces 1 43 and 1 44 
having mating circular apertures through which artery 
141 is adapted to fit. Housing 142 includes hinged end 

IS portion 245, connected to the remaining, main portfon 
148 of the housing by hinge 246. Housing portions 245 
and 1 48 include a latch arrangement (not shown) so that 
artery 14.1 can be surrounded by the housing and fit into 
the mating circular apertures. 

20 End portion 245 of housing 1 42 includes near-infra- 
red source 146, surrounded by sheet-like reflective ele- 
ment 147, having a semi-circular cross section. Main 
portion 148 of housing 142 includes parallel planar, hor- 
izontally disposed reflective elements 149 and 150 

25 which direct optical energy transmitted from source 1 46 
and reflector 1 47 through artery 1 41 onto frequency dis- 
persion device 152. Frequency dispersion device 1 52 is 
located in the main part of housing 142 and is optically 
coupled to diode detector array 1 53 which supplies sig- 

30 nals to computer 1 54 that communicates with an insulin 
pump via a wireless link including radio transmitter 250. 
Alternatively, the signals from diode detector array 153 
are coupled to an external computer via the wireless 
link. Near-infrared source 1 46 and the diodes of detector 

35 array 1 53 are energized by DC power supply 1 55. 

Devices similar to that illustrated in Figure 7 could 
be used for transmission through other tissues, such as 
the liver, for examining bile, or the bladder for urine anal- 
ysis. A further variation of the implanted device of Figure 

40 7 involves the use of an external near-infrared source, 
to conserve energy of the power supply In such an in- 
stance, optical energy from the near-infrared source lis 
transmitted through a tissue sample to an implanted de- 
tection apparatus. Infrared energy transmitted through 

45 the tissue is incident on a frequency dispersion device 
and a diode detector array. 

Three preferred embodiments of the frequency dis- 
persion device and the diode detector array of any of 
Figures 1 -7 are illustrated in Figures 8-10. In each of the 

50 embodiments of Figures 8-10, infrared energy is inci- 
dent on a passive elongated diode of the detector array 
Each diode has associated therewith a certain wave- 
length range, either in the mid-infrared or near-infrared 
spectrum. The intensity of the Infrared radiation incident 

55 on each semiconductor diode changes the charged car- 
rier density of the diode to control the impedance thereof 
between the diode anode and cathode electrodes. Each 
diode is energized by a DC voltage from the power sup- 
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plies of Figures 1-7, so that the voltage output of each 
diode varies as a function of the intensity of the incident 
infrared energy in the band of interest for the particular 
diode. 

To these ends, diode detector array 200, Figure 8, 
includes several elongated, mutually insulated semi- 
conductor diodes 201-211, having mutual planar faces 
on which is superimposed fitter frame 21 3 including an 
equal number of several individual elongated infrared 
filter elements 221 -231 . Each of filter elements 221 -231 
is superimposed on and abuts against a corresponding 
one of diodes 201-211. Each of elongated filters 
221 -231 has a bandpass for a different wavelength in- 
\erva\ in the mid-infrared or near-infrared spectrum. 
Thereby, a voltage is derived across the electrodes of . 
each of diodes 201-211, which voltage is indicative of 
the intensity ot the radiation in the infrared region 
passed by the filter abutting against the particular diode. 
The signals across the electrodes of diodes 201 -21 2 are 
supplied to a bus, such as bus 38, Figure 1 , which cou- 
ples the signals to designated locations in the computer 
random access memory, 

A similar result is obtained with the structure ot Fig- 
'ure 9, wherein diode detector array 300 is identical to 
array 200, Figure 8, and thereby includes several par- 
allel, elongated semi-conductor diode elements 
301311. Superimposed on the elongated planar faces 
of the diodes of array 300 is planar sheet 31 3, fabricated 
of a variable frequency response material. The material 
of sheet 31 3 is arranged so that the material in the sheet 
on one side (e.g., the left side thereof, as illustrated in 
Figure 9), is transparent only to the shortest wavelength 
of interest in the near-infrared spectrum emitted by the 
near-infrared source or only the shortest wavelength of 
interest in the mid-infrared spectrum emitted by the mid- 
infrared source. At the right side of sheet 313, the ma- 
terial of the sheet is transparent only to the longest 
wavelengths of interest in the near-infrared or mid-infra- 
red spectra of the source. 

The intermediate portions of sheet 31 3 are fabricat- 
ed of material that is transparent only to intermediate 
portions of the near-infrared or mid-infrared spectra. ^ 
The bandpass of the material in sheet 31 3 progressively 
increase in wavelength from the left to the right edge of 
the sheet. Sheet 313 abuts against elements 301-311 
of array 300 so that diode 301 is responsive basically to 
the same range of wavelengths as diode 201 in array 
200 of Figure 8. Similarly, elements 302-31 1 of array 300 
derive responses for the same wavelengths as corre- 
sponding elements 202-211 of array 200. 

Similar results are attained with the detector array 
of Figure 10, wherein array 400 includes several elon- 
gated semiconductor detectors 401 -411 . Each of the di- 
odes 401 -41 2 is differentially doped so that it is respon- 
sive to a different wavelength in the near-infrared or mid- 
Infrared spectrum. Hence, diode 401 is fabricated or 
doped so that it is responsive only to infrared energy 
having the shortest wavelength of interest in the near- 



infrared spectrum or in the mid-infrared spectrum. Diode 
411 is doped so that it is responsive only to the longest 
wavelengths of interest In the near-Infrared or mid-infra- 
red spectra. Intermediate diodes 402-410 are fabricated 
5 or doped so that they are responsive to successively 
longer wavelengths in the near-infrared or mid-infrared 
spectra. 

The multivariate approach of the present invention 
permits the concentration of molecular substances in 

10 fluids to be predicted without the use of enzymatic, 
chemical or immunological methods. The partial least 
squares technique produces results as precise as reac- 
tive determinations by the enzymatic, chemical or im- 
munological methods. By using the multivariate midin- 

is frared and near-Infrared techniques, it Is possible with 
the invention to detemnine the concentrations of sub- 
stances without penetrating the body, except for the op- 
tical radiation. Such a non-Invasive determination has a 
well defined need in the control of diabetes mellitus. The 

20 invention has use for determining the levels of alcohol, 
ketones, fatty acids, cholesterol, lipoproteins, triglycer- 
ides, white blood cells, albumin, blood urea nitrogen, 
creatinine, concurrent medications, such as drugs, inor- 
ganic molecules such as phosphates, and detection of 

25 other infrared active compounds. The disclosed config- 
urations can be continuously or intermittently operated 
to transmit concentration or dosage data to an Implanted 
or external pump for drug delivery, such as for insulin. 
While there have been described and Illustrated 

30 several specific embodiments of the invention, it will be 
clear that variations in the details of the embodiments 
specifically illustrated and described may be made with- 
out departing from the scope of the invention as defined 
in the appended claims. 

35 

Claims 

1. A noninvasive and in vivo method of determining 
40 the concentration of a blood analyte in a living hu- 
man, within the physiological range observed in hu- 
mans, said method comprising: 

^ (a) generating light at three or more different 

45 wavelengths, said wavelengths being in the 

range of 700nm to 2500nm; 

(b) Irradiating In vivo and noninvaslvely said 
blood containing tissue with said wavelengths 
so that there Is differential attenuation of the in- 

50 tensities of the light at the three or more wave- 

lengths by said analyte; 

(c) measuring the Intensities of at least three or 
more wavelengths emerging from said blood 
containing tissue to obtain at least two spectral 

55 variables, each said spectral variable being ob- 

tained from at least one measured Intensity; 
and 

(d) determining said analyte concentration in 



12 



21 



EP 0 404 562 B1 



22 



said blood containing tissue from said spectral 
variables at values within said physiological 
range observed in humans using a naultivariate 
calibration model, said multivariate calibration 
model being developed from a rhultivariate cal- 5 
ibration method capable of utilizing more of said 
spectral variables than the number of samples 
used for the development of said calibration 
model for said analyte. 

10 

The method as set forth in claim 1 , wherein said de- 
termination of said analyte concentration uses a 
multivariate algorithm and a model and said spec- 
tral variables, said algorithm being capable of utiliz- 
ing more of said spectra! variables than the number *5 
of calibration samples used to generate said model, 
said model being a function of known concentra- 
tions of said analyte obtained in said calibration 
samples and spectral variables obtained from said 
calibration samples. 

The method as set forth in claim 1 or 2, further in- 
cluding the step of determining whether said spec- 
tral variables from said blood containing tissue is an 
outlier by comparing said spectral variables from 25 
said blood containing tissue with spectral variables 
obtained from said calibration samples. 

The method as set forth in claim 3, wherein said de- 
termination of whether said spectral variables from 30 
said blood containing tissue represents an outlier 
includes the step of comparing said spectral varia- 
bles from said blood containing tissue to said spec- 
tral variables from said calibration samples, to de,- 
termine a measure of the magnitude of the differ- 3S 
ence between the two sets of said spectral varia- 
bles. 

The method as set forth in claim 4, wherein a sta- 
tistical test is used to indicate the probability of said 40 
magnitude being caused by random chance, further 
including the step of classifying said spectral varia- 
bles from said blood containing tissue as represent- 
ing an outlier when said probability is detenmined to 
be too low. ^ 

The method of any of claims 1 -5, wherein said mul- 
tivariate calculation is made with an algorithm se- 
lected from the group including, partial least 
squares and principle component regression. so 

The method of any of claims 1 -6 wherein said ana- 
lyte is selected from the group including glucose, 
alcohol, ketones, fatty acids, cholesterol, lipopro- 
teins, triglycerides, white blood cells, albumin, 55 
blood urea nitrogen, creatinine and drugs. 

A quantitative analysis instrument for noninvasive 



and in vivo determination of the concentration of an 
analyte in a human within the physiological range 
obsen/ed in human's, said instrument comprising: 

a. a device for positioning said blood containing 
tissue; 

b. at least one source of at least three different 
wavelengths of light positioned relative to said 
tissue positioning device, to direct tight into said 
blood containing tissue, said wavelengths be- 
ing in the range of 700nm to 2500nm; 

c. at least one detector positioned relative to 
said tissue positioning device for measuring at 
least three spectral intensKies from a portion of 
said light emerging from said blood containing 
tissue; 

d. a multivariate measurement system com- 
prising electronics a microprocessor, memory 
and a multivariate calibration model for said an- 
alyte, for processing said measured spectral in- 
tensities to determine the concentration of said 
analyte at values within said physiological 
range observed* in humans, said multivariate 
calibration model using at least two variables, 
each variable derived from at least one of said 
measured spectra! intensities, said multivariate 
calibration model being developed from a mul- 
tivariate calibration method capable of utilizing 
more of said variables than the number of sam- 
ples used for calibration of said multivariate 
measurement system; and 

e. means for indicating said determined con- 
centration of said analyte. 

9. The analysis instrument of claim B, wherein said 
multivariate measuring system includes a multivar- 
iate algorithm and a calibration model, said algo- 
rithm using said at least two variables, said algo- 
rithm being capable of utilizing more of said varia- 
bles than the number of calibration samples used 
to generate said model, said model being a function 
of known concentrations of said analyte in said cal- 
ibration samples and spectral variables obtained 
from said calibration samples. 

10. The analysis instrument of claim 8 or 9, further In- 
cluding a first optical means for introducing said 
light on one side of said blood containing tissue and 
further including a second optical means on the oth- 
er side of said tissue for directing said light emerg- 
ing from said blood containing tissue to said detec- 
tor. 

11. The analysis instrument of claim 8 or 9, further in- 
cluding at least one optical means positioned on 
one side of said blood containing tissue for intro- 
ducing said light into said tissue and for directing 
said light emerging from said one side of said blood 
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containing tissue to said detector. 

12. The apparatus as set forth in any ot claims 8-11, 
further including means for transmitting signals 
from said microprocessor to a means for changing 
the concentration of said analyte. 

13. The apparatus as set forth in claim 12, wherein said 
analyte is glucose and said means for changing is 
an insulin pump. 

1 4. A method of determining the concentration of an an- 
alyte in human fluid within the physiological range 
observed in humans, said method comprising; 

a. generating light at three or more different 
wavelengths, said wavelengths being in the in- 
frared; 

b. irradiating in vivo and noninyasively said hu- 
man fluid with said wavelengths, so that there 
is differential attenuation of at least some inten- 
sities of said wavelengths by said analyte; 

c. measuring said intensities of at least three of 
said wavelengths emerging from said human 
fluid to obtain at least two spectral variables 
from said measured intensities, each said 
spectral variable obtained from at least one 
measured intensity; and 

d. determining said analyte concentration in 
said human fluid from said spectral variables at 
values within said physiological range ob- 
served In humans using a multivariate calcula- 
tion model, said multivariate calibration model 
being developed from a multivariate calibration 
method capable of utilizing more spectral vari- 
ables than the number of samples used for the 
development of said calibration model for said 
analyte. 

15. The method as set forth in claim 14, wherein said 
determination of said analyte concentration in said 
human fluid uses a multivariate algorithm and a 
model and said spectral variables, said algorithm 
being capable of utilizing more of said spectral var- 
iables than the number of calibration samples used 
to generate said model, said model being a function 
of known concentrations of said analyte in said cal- 
ibration samples and spectral variables obtained 
from said calibration samples. 

16. The method as set forth in claim 14 or 15, further 
including the step of determining whether said 
spectral variables from said human fluid is an outlier 
by comparing said spectral variables from said hu- 
man fluid with spectral variables obtained from said 
calibration samples. 

17. The methods as set forth in claim 16, wherein said 



determination of whether said spectral variables 
from said human fluid represents an outlier includes 
the step of comparing said spectral variables from 
said human fluid to said spectral variables from said 
5 calibration samples, to determine a measure of the 
magnitude of the difference between said spectral 
variables from said human fluid and said set of 
spectral variables from said calibration samples. 

10 18. The method as set forth in claim 17 wherein a sta- 
tistical test is used to indicate the probability of said 
magnitude being caused by random chance, further 
including the step of classifying said spectral varia- 
bles from said human fluid as representing an out- 

is lier when said probability is determined to be too 
low. 

19. The method of any of claims 14-18, wherein said 
multivariate calculation is made with an algorithm 

20 selected from the group including, partial least 
squares and principle component regression. 

20. The method of any of claims 1 4-1 9 wherein said an- 
alyte is selected from the group including glucose, 

25 alcohpl, ketones, fatty acids, cholesterol, lipopro- 
teins, triglycerides, white blood cells, albumin, 
blood urea nitrogen, creatinine and drugs. 

21 . A quantitative analysis instrument for determination 
30 of the concentration of an analyte in human fluid. 

within the physiological range observed in humans, 
said instrument comprising: 

a. a device for positioning said human fluid; 
3S b. at least one source of at least three different 

wavelengths of light positioned relative to said 
human fluid positioning device, to direct light in- 
to said human fluid, said wavelengths being in 
the infrared; 

40 c. at least one detector positioned relative to 

said human fluid positioning device for meas- 
uring at least three spectral intensities from a 
portion of said light emerging from said human 
fluid; 

45 d. a multivariate measurement system com- 

prising electronics, a microprocessor, memory 
and a multivariate calibration model for said an- 
alyte, for processing said measured spectral in- 
tensities to determine the concentration of said 

so analyte at values within said physiological 

range observed In humans, said multivariate 
calibration model using at least two variables, 
each variable consisting of at least one of said 
measured spectral intensities, said multivariate 

55 calibration model being developed from a mul- 

tivariate calibration method capable of utilizing 
more of said variables than the number of sam- 
ples used for calibration of said multivariate 
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measuring system; and 
e. means for indicating said determined con- 
centration of said analyte. 

22. The analysis instrument of claim 21 wherein said 
multivariate measurement system includes a multi- 
variate algorithm and a calibration model, said al- 
gorithm using said at least two variables, said algo- 
rithm being capable of utilizing more of said varia- 
bles than the number of calibration samples used 
to generate said model, said model being a function 
of known concentrations of said analyte in said cal- 
ibration samples and spectral intensities obtained 
from irradiating said calibration samples. 

23. The analysis Instrument of claim 21 or 22, further 
including a first optical means for introducing said 
light on one side of said human fluid and further In- 
cluding a second optical means on the other side of 
said human fluid for directing said light emerging 
from said human fluid to said detector. 

24. The analysis instrument of claim 21 or 22, further 
including at least one optical means positioned on 
one side of said human fluid for introducing said 
light into said tissue and for directing said light 
emerging from said one side of said human fluid to 
said detector. 



PatentansprQche 

1. Nichtinvasives und in-vivo-Verfahren zum Bestim- 
men der Konzentration von einem Blut-Analyt in ei- 
nem lebenden Menschen, in dem physlologischen 
Bereich, der bei Menschen beobachtet wird, wobei 
das Verfahren umfa3t: 

(a) Erzeugen von Licht mit drei oder mehr ver- 
schiedenen Wellenlangen, wobei die Wetlen- 
Ian gen im Bereich von 700 nm bis 2500 nm lie- 
gen; 

(b) Bestrahlen des Blut enthaltenden Gewebes 
in vivo und nichtinvasiv mit diesen Wellenlan- 
gen. so daQ dort dutch den Analyt eine unter- 
schiedliche Schwachung der Intensitaten des 
Lichtes bei den drei oder mehr Wellenlangen 
auftritt; 

(c) Messen der Intensitaten von zumindest drei 
Oder mehr Wellenlangen, die aus dem Blut ent- 
haltenden Gewebe austreten, urn zumindest 
zwei Spektralvariablen zu erhalten. wobei jede 
dieser Spektralvariablen aus zumindest einer 
gemessenen Intensitat erhalten wird; und 

(d) Bestimmen der Analyt-Konzentration In 
dem Blut enthaltenden Gewebe aus den Spek- 
tralvariablen bei Werten in dem physlologi- 
schen Bereich, der bei Menschen beobachtet 



wird, unter Verwendung eines mehrdlmensio- 
nalen Kalibratlonsmodells, wobei das mehrdi- 
mensionale Kalibrationsmodell aus einem 
mehrdimenstonalen Kalibrationsverfahren ent- 
s wickelt wird, das In der Lage ist, eine Anzahl 

von Spektralvariablen zu venwenden, die gro- 
wer ist als die Anzahl von Proben. die zur Ent- 
wicklung des Kalibratlonsmodells fur den Ana- 
lyt venivendet werden. 

10 

2. Verfahren nach Anspruch 1 , bei dem zum Bestim- 
men der Analyt-Konzentratlon ein mehrdimensio- 
naler Algorithmus und ein Modell und die Spektral- 
variablen verwendet werden, wobei der Algorith- 
ms mus in der Lage Ist, eine Anzahl von Spektralvaria- 
blen zu verwenden, die groBer ist als die Anzahl von 
Kalibrationsproben, die zum Erzeugen des Modells 
venwendet werden, wobei das Model! eine Funktion 
von bekannten Konzentrationen des Analyten, der 

20 in den Kalibrationsproben enthalten sind, und von 
Spektralvariablen ist. die aus den Kalibrationspro- 
ben ertnalten werden. 

3. Verfahren nach Anspruch 1 oder 2, das au3erdem 
25 den Schritt umfaBt: Bestimmen, ob die Spektralva- 
riablen aus dem Blut enthaltenden Gewebe ein 
AusreiBer sind, durchVergleichen der Spektralva- 
riablen aus dem Blut enthaltenden Gewebe mit 
Spektralvariablen. die aus den Kalibrationsproben 

30 erhalten werden. 

4. Verfahren nach Anspruch 3, bei dem das Bestim- 
men, ob die Spektralvariablen aus dem Blut enthal- 
tenden Gewebe einen AusreiBer darstetlen, den 

35 Schritt umfaBt: Vergleichen der Spektralvariablen 
aus dem Blut enthaltenden Gewebe mit den Spek- 
tralvariablen aus den Kalibrationsproben, um einen 
MeBwert des Betrages der Differenz zwischen den 
beiden Satzen der Spektralvariablen zu bestim- 

40 men. 

5. Verfahren nach Anspruch 4, bei dem ein statisti- 
scher Test verwendet wird, um die Wahrscheinlich- 
kelt anzugeben, daB der Betrag durch einen Zufall 

45 verursacht wurde, und auBerdem den Schritt um- 
faBt: Klassifizieren der Spektralvariablen aus dem 
Blut enthaltenden Gewebe als einen AusreiBer, 
wenn die Wahrscheinlichkeltals zu gering bestimmt 
wird. 

so 

6. Verfahren nach einem der Anspruche 1 -5, bei dem 
die mehrdimenslonale Berechnung mit einem Algo- 
rithmus durchgef uhrt wird, der aus der Gruppe aus- 
gewShIt ist, die umfaBt: partielle Methode der klein- 

55 sten Quadrate und Mauptkomponentenregression. 

7. Verfahren nach einem der Anspruche 1 -6, bei dem 
der Analyt aus der Gruppe ausgewahlt ist, die um- 
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faBt: Glucose. Alkohol. Ketone. Fettsauren. Choie- 
sterin. Lipoproteine, Triglyceride, weiBe Blutzellen, 
Albumin, Blut-Hamstoffstickstoff, Kreatinin und Me- 
dikamente. 

5 

Quantitatlves Analysegerat zur nichtinvasiven und 
in-vlvo-Bestimmung der Konzentration von einem 
Analyt in einem Menschen, in dem physiologischen 
Bereich, der bei Menschen beobachtet wird, wobei 
das Gerat aufweist: 

a. eine Einrichtung zur Positionierung des Blut 
enthaltendes Gewebes; 

b. zumindest eine Lichtquelle fOr zumindest 
drei verschiedene Lichtwellenlangen, die rela- 
tiv zu der Einrichtung zur Positionierung des 
Gewebes angeordnet ist, um Licht in das Blut 
enthaltende Gewebe zu lenken, wobei die Wel- 
lenlangen im Bereich von 700 nm bis 2500 nm 
liegen; 20 

c. zumindest einen Detektor, der relativ zu der 
Einrichtung zur Positionierung des Gewebes 
angeordnet ist, um zumindest drei Spektralin- 
tensitaten von einem Bereich des Lichtes zu 
messen, das aus dem Blut enthaltenden Ge- 
webe austritt; 

d. ein mehrdlmensionales MeBsystem, das 
elektronische Komponenten, einen Mikropro- 
zessor, einen Speicher und ein mehrdimensio- 
nales Kalibrationsmodell fur den Analyt enthalt, 30 
um die gemessenen Spektralintensitaten zu 
verarbeiten, um die Konzentration des Analy- 

ten bei Werten in dem physiologischen Bereich 
zu bestimmen, der bei Menschen beobachtet 
wIrd, wobei das mehrdimensionale Kalibrati- 3S 
onsmodell zumindest zwei Variablen verwen- 
det, wobei jede Variable aus zumindest einer 
der gemessenen Spektralintensitaten abgelei- 
tet wird. wobei das mehrdimensionale Kalibra- 
tionsmodell aus einem mehrdimensionalen Ka- 40 
librationsverfahren entwickelt wird, das in der 
Lage ist, eine Anzahl der Variablen zu venwen- 
den, die groBer ist als die Anzahl von Proben, 
die zum Kalibrieren des mehrdimensionalen 
MeBsystems venwendet werden; und <5 

e. eine Einrichtung zum Anzeigen der bestimm- 
ten Konzentratton des Analyten. 

Analysegerat nach Anspruch 8, bei dem das mehr- 
dimensionale MeBsystem einen mehrdimensiona- so 
len Algorithmus und ein Kalibrationsmodell enthalt, 
wobei der Algorithmus die zumindest zwei Varia- 
blen venwendet, wobei der Algorithmus in der Lage 
ist, eine Anzahl von Variablen zu venwenden, die 
groBer ist als die Anzahl der Kalibrationsproben, die ss 
zum Erzeugen des Modells verwendet werden, wo- 
bei das Modell eine Funktion von bekannten Kon- 
zentrationen des. Analyten in den Kalibrationspro- 



ben und von Spektralvarlablen ist, die aus den Ka- 
librationsproben erhalten werden. 

10. Analysegerat nach Anspruch 8 oder 9, das auBer- 
dem eine erste optische Einrichtung zur Einleitung 
des Lichts an einer Selte des Blut enthaltenden Ge- 
webes und auBerdem eine zwelte optische Einrich- 
tung an der anderen Seite des Gewebes hat, um 
das Licht, das aus dem Blut enthaltenden Gewebe 
austritt. zu dem Detektor zu leiten. 

11. Analysegerat nach Anspruch 8 oder 9, das auBer- 
dem zumindest eine optische Einrichtung aufweist, 
die an einer Seite des Blut enthaltenden Gewebes 
angeordnet ist, um Licht in das Gewebe zu leiten 
und um das Licht, das aus der einen Seite des Blut 
enthaltenden Gewebes austritt, zu dem Detektor zu 
leiten. 

12. Vorrichtung nach einem der Anspruche 8-11, die 
auBerdem eine Einrichtung zum Gbertragen von Si- 
-gnalen vom Mikroprozessor zu einer Einrichtung 
zur Veranderung der Konzentration des Analyten 
zu Gbertragen. 

13. Vorrichtung nach Anspruch 12, bei der der Analyt 
Glucose und die Einrichtung zur Veranderung eine 
Insulin-Pumpe ist. 

14. Verfahren zum Bestimmen der Konzentration von 
einem Analyt in menschlichem Fluid in dem physio- 
logischen Bereich, der beim Menschen beobachtet 
wird, wobei das Verfahren umfaBt: 

a. Erzeugen von Licht mit drei oder mehr ver- 
schiedenen Wellenlangen, wobei die Wellen- 
langen im Infrarotbereich liegen; 

b. Bestrahlen des menschlichen Fluids in vivo 
und nichtinvasiv mit den Wellenlangen, so daB 
dort durch den Analyt eine unterschiedliche 
Schwachung von zumindest einlgen Intensita- 
ten der Wellenlangen auftritt; 

c. Messen der Intensitaten von zumindest drei 
der Wellenlangen, die aus dem menschlichen 
Fluid austreten, um zumindest zwei Spektral- 
varlablen aus den gemessenen Intensitaten zu 
erhalten, wobei jede der Spektralvarlablen aus 
zumindest einer gemessenen Intensitat erhal- 
ten wird; und 

d. Bestimmen der Analyt-Konzentration in dem 
menschlichen Fluid aus den Spektralvarlablen 
bei Werten in dem physiologischen Bereich, 
der bei Menschen beobachtet wird, unter Ver- 
wendung eines mehrdimensionalen Berech- 
nungsmodells, wobei das mehrdimensionale 
Kalibrationsmodell aus einem mehrdimensio- 
nalen Kalibrationsverfahren entwickelt wird, 
das in der Lage ist, eine Anzahl von Spektral- 
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variablen zu verwenden, die grd3er ist als die 
Anzahi von Proben. die zur Entwicklung des 
Kalibrationsmodells fOr den Analyt venvendet 

werden. 

15. Verfahren nach Anspruch 14, be! dem das Bestim- 
men der Analyt-Konzentration In dem nr^enschli- 
Chen Fluid einen mehrdimensionalen Algorithmus 
und ein Model! und die Spektralvariablen verwen- 
det, wobei der Algorithmus in der Lage ist, eine An- 
zahi der Spektralvariablen zu verwenden, die gro- 
Ber ist als die Anzahi von Kallbrationsproben, die 
zum Erzeugen des Model is verwendet werden, wo- 
bel das Modell eine Funktion von bekannten Kon- 
zentrationen des Analyten in den Kallbrationspro- 
ben und von Spektralvariablen ist, die aus den Ka- 
libratkjnsproben erhalten werden. 

16. Verfahren nach Arispruch 14 oder 15, das auBer- 
dem den Schritt umfaBt: Bestimmen, ob die Spek- 
tralvariablen aus dem menschlichen Fluid ein Aus- 
relBer sind. durch Vergleichen der Spektralvaria- 
blen aus dem menschlichen Fluid mit Spektralva- 
riablen, die aus den Kaiibrationsproben erhalten 
werden. 

17. Verfahren nach Anspruch 16, bei der das Bestim- 
men, ob die Spektralvariablen aus dem menschli- 
chen Fluid einen AusreiBer darstellen, den Schritt 
umfaBt: Vergleichen der Spektralvariablen aus dem 
menschiichen Fluid mit den Spektralvariablen aus 
den Kaiibrationsproben, urn einen MeBwert des Be- 
trages der DIfferenz zwischen den Spektralvaria- 
blen aus dem menschlichen Fluid und dem Satz von 
Spektralvariablen aus den Kaiibrationsproben zu 

. bestimmen. 

18. Verfahren nach Anspruch 17, bei dem ein statisti- 
scher Test venvendet wird. urn die Wahrscheiniich- 
keit anzugeben. daB der Betrag durch einen Zufail 
verursacht wurde, und auBerdem den Schritt um- 
faBt: Klassifizieren der Spektralvariablen aus dem 
menschlichen Fluid als einen AusreiBer, wenn die 
Wahrscheinlichkeit als zu gering bestimmt wird. 

19. Verfahren nach einem der Anspruche 14-18, bei 
dem die mehrdimensionale Berechnung mit einem 
Algorithmus durchgefuhrt wird, der aus der Gruppe 
ausgewahtt ist, die enthalt: partielle Methode der 
kteinsten Quadrate und Hauptkomponentenregres- 
sion. 

20. Verfahren nach einem der Anspruche 14-19, bei 
dem der Analyt aus der Gruppe ausgewahtt ist, die 
umfaBt: Glucose, Alkohol, Ketone, Fettsauren, 
Cholesterin. Lipoproteine. Triglyceride, weiBe Blut- 
zellen. Albumin, Biut-Harnstoffstickstoff, Kreatinin 
und Medikamente. 



21. Quantitattves Analysegerat zum Bestimmen vder 
Konzentratton von einem Analyt in menschlichem 
Fluid in dem physiologischen Bereich, der bei Men- 
schen beobachtet wird, wobei das Gerat aufweist: 

5 

a. eine Einrichtung zur Positionierung des 
menschlichen Fluids; 

b. zumindest eine Lichtquelle fur zumindest 
drei verschiedene Lichtweilenlangen, die rela- 

10 tiv zur Einrichtung zur Positionierung des 

menschlichen Fluids angeordnet ist, um Licht 
in das menschliche Fluid zu lenken, wobei die 
Wellenlangen im Infrarotbereich liegen; 

c. zumindest einen Detektor, der relativ zur Ein- 
ts richtung zur Positionierung des menschlichen 

Fluids angeordnet ist, um zumindest drei Spek- 
tralintensitaten eines Bereiches des Lichtes zu 
messen, das aus dem menschlichen Fluid aus- 
tritt; 

20 d. ein mehrdimensionales MeBsystem. das 

elektronische Komponenten, einen Mikropro- 
zessor, einen Speicher und ein mehrdimensio- 
nales Kalibrationsmodell fur den Analyt enthalt, 
um die gemessenen Spektralintensitaten zu 

2S verarbeiten, um die Konzentration des Analy- 

ten bei Werten in dem physiologischen Bereich 
zu bestimmen, der bei Menschen beobachtet 
wird, wobei das mehrdimensionale Kalibrati- 
onsmodell zumindest zwei N^riablen verwen- 

30 det. wobei jede Variable zumindest eine der ge- 

messenen Spektralintensitaten enthalt, wobei 
das mehrdimensionale Kalibrationsmodell aus 
einem mehrdimensionalen Kalibrationsverfah- 
ren entwickelt wird, das in der Lage ist, eine An- 

35 zahl der N^riablen zu verwenden, die groBer ist 

als die Anzahi von Proben, die zum Kalibrieren 
des mehrdimensionalen MeBsystems venwen- 
det werden; und 

e. eine Einrichtung zum Anzeigen der bestimm- 
40 ten Konzentration des Analyten. 

22. Analysegerat nach Anspruch 21 , bei dem das mehr- 
dimensionale MeBsystem einen mehrdimensiona- 
len Algorithmus und ein Kalibrationsmodell enthalt, 

45 wobei der Algorithmus die zumindest zwei Varia- 
blen venvendet, wobei der Algorithmus in der Lage 
ist, eine Anzahi von Variablen zu verwenden, die 
groBer ist als die Anzahi der Kaiibrationsproben, die 
zum Erzeugen des Modells verwendet werden, wo- 

50 bei das Modell eine Funktion von bekannten Kon- 
zentrationen des Analyten in den Kaiibrationspro- 
ben und von Spektralvariablen ist, die aus den Ka- 
iibrationsproben erhalten werden. 

55 23. Analysegerat nach Anspruch 21 oder 22, das au- 
Berdem eine erste optische Einrichtung zur Einlei- 
tung des Lichts an einer Seite des menschlichen 
Fluids und auBerdem eine zweite optische Einrich- 
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tung an der anderen Seite des menschllchen Fluids 
hat, urn das Licht. das aus dem menschlichen Fluid 
austritt. zu dem Detektor zu letten. 

24. Analysegerat nach Anspruch 21 oder 22. das au- s 
Berdem zumindest eine optische Einrichtung auf- 
weist, die an einer Selte des menschlichen Fluids 
angeordnet ist, urn Licht in das Gewebe zu lelten 
und um das Licht, das aus der einen Seite des 
menschlichen Fluids austritt, zu dem Detektor zu io 
lelten. 

Revendications 

IS 

1. Procddd non invasif et In vivo de determination de 
la concentration d'un analyte sanguin chez un hu- 
main vivant, dans le domaine physiologique obser- 
v6 chez les humalns, ledrt procSdS comprenant : 

20 

(a) I'^mission de lumi^re a trois longueurs d'on- 

de diff^rentes ou plus, lesdites bngueurs d'on- i 
des 6tant dans le domaine de 700 nm & 2 500 

nm ; 

(b) rirradiation in vivo et de mani^re non inva- 25 
sive dudit tissu contenant du sang avec lesdites 
longueurs d'onde de maniere qu'il y ait une at- 
tenuation difterentielle des intensit^s de la lu- 
mi^re aux trois longueurs d'onde ou plus par 
ledit analyte ; ' 30 

(c) la mesure des intensit6s d'au moins trois 
longueurs d'onde ou plus emergeant dudit tissu 
contenant du sang pour obtenir au moins deux 
variables spectrales, chacune desdites varia- 
bles spectrales etant obtenue h partir d'au 3S 
moins une Intensite mesuree ; et 

(d) la determination de la concentration dudit 
analyte dans ledit tissu contenant du sang k 

' partir desdites variables spectrales a des va- 
leurs situees dans ledit domaine physiologique <P 
observe chez les humains au moyen d'un mo- 
dele d'etalonnage h variables multiples, ledit 
modeie d'etalonnage h variables multiples 
etant developpe k partir d'un procede d'etalon- 
nage k variables multiples capable d'utiliser <^ 
lesdites variables spectrales en un nombre su- 
perleur au nombre d'echantillons utilises pour 
ie developpement dudit module d'etalonnage 
pour ledit analyte. 

, so 

2. Procede selon la revendication 1 dans lequel ladite 
determination de la concentration dudit analyte uti- 
lise un algorithme k variables multiples et un mod6- 
le et lesdites variables spectrales, ledit algorithme 
etant capable d'utiliser lesdites variables spectrales 55 
en un nombre superieur au nombre d'echantillons 
d'etalonnage utilises pour produire ledit modeie, le- 
dit modeie etant une fonction de concentrations 



connues dudit analyte obtenues dans lesdits 
echantillons d'etalonnage et de variables spectra- 
les obtenues k partir desdits echantillons d'etalon- 
nage. 

3. Procede selon la revendication 1 ou 2 comprenant 
en outre retape de determination si lesdites varia- 
bles spectrales provenant dudit tissu contenant du 
sang constituent un point aberrant par comparatson 
desdites variables spectrales provenant dudit tissu 
contenant du sang avec des variables spectrales 
obtenues k partir desdits echantillons d'etalonnage. 

4. Procede selon la revendication 3 dans lequel ladite 
determination de ce que lesdites variables spectra- 
les provenant dudit tissu contenant du sang repre- 
sentent un point aberrant comprend I'etape de com- 
paraison desdites variables spectrales provenant 
dudit tissu contenant du sang avec lesdites varia- 
bles spectrales provenant desdits echantillons 
d'etalonnage pour determiner une mesure de I'am- 
plitude de la difference entre les deux series desdi- 
tes variables spectrales. 

5. Procede selon la revendication 4 dans lequel un 
test statistique est utilise pour indiquer la probabilite 
que ladite amplitude sort provoquee de maniere 
aieatoire. comprenant en outre retape de classe- 
ment desdites variables spectrales provenant dudit 
tissu contenant du sang comme representant un 
point aberrant lorsque ladite probabilite est deter- 
minee comme etant trop faible. 

6. Procede selon lime quelconque des revendications 
1 a 5 dans lequel ledit calcul k variables multiples 
est accompli avec un algorithme choisi dans le 
groupe comprenant la regression des moindres car- 
res partielle et la regression k composants princi- 
paux. 

7. Procede selon I'une quelconque des revendications 
1 k 6 dans lequel ledit analyte est choisi dans le 
groupe comprenant le glucose, I'alcool, les cetones, 
les acides gras, le cholesterol, les lipoproteines, les 
triglycerides, les leucocytes. I'albumine, I'azote de 
I'uree du sang, la creatinine et les medicaments. 

8. Instrument d'analyse quantitative pour la determi- 
nation non invasive et in vivo de la concentration 
d'un analyte chez un humain dans le domaine phy- 
siologique observe chez les humains, ledit instru- 
ment comprenant : 

a. un dispositif pour posltionner ledit tissu con- 
tenant du sang ; 

b. au moins une source d'au moins trois lon- 
gueurs d'onde de tumiere differentes placee 
par rapport audit dispositif de positionnement 
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de tissu pour diriger de la lumiere dans ledit tis- 
su contenant du sang, lesdites longueurs d'on- 
de dtant dans le domaine de 700 nm ^ 2 500 
nm ; 

c. au moins un d^tecteur plac6 par rapport audit 
dispositif de position nement de tissu pour me- 
surer au moins trois intensjt6s spectrales h par- 
tir d'une partie de ladite lunr^i&re ^mergeant du- 
dit tissu contenant du sang ; 

d. un systfeme de mesure k variables multiples 
comprenant une 6Iectronique, un nnicroproces- 
seur et un modfele d'etalonnage k variables 
nf^ultiples pour ledit analyte. pour trailer lesdites 
intensit^s spectrales mesurdes pour determi- 
ner la concentration dudit analyte a des valeurs 
situ^es dans ledit domaine physiologique ob- 
serve Chez les humains, ledit module d'etalon- 
nage k variables multiples utilisant au moins 
deux variables, chaque variable 6tant deriv6e 
d'au moins Tune desdites intensites spectrales 
mesur^es, ledit module d'etalonnage k varia- 
bles multiples etant d^veloppe k partir d'un pre- 
cede d'etalonnage k variables multiples capa- 
ble d'utiliser lesdites variables en un nombre 
sup6rieur au nombre d'echantillons utilises 
pour retalonnage dudit syst6me de mesure k 
variables multiples ; et 

e. des moyens pour indiquer ladite concentra- 
tion ddterminde dudit analyte. 

9. Instrument d'analyse selon la revendication 8 dans 
lequel ledit systeme de mesure a variables multi- 
pies comprend un algorithme k variables multiples 
et un modele d'etalonnage, ledit algorithme utilisant 
lesdites deux variables ou plus, ledit algori%ine 
etant capable d'utiliser lesdites variables en un 
nombre sup6rieur au nombre d*6chanti lions d'eta- 
lonnage utilises pour produire ledit modele, ledit 
modeie etant une fonction de concentrations con- 
nues dudit analyte dans lesdits echantillons d'eta- 
lonnage et des variables spectrales obtenues k par- 
tir desdits echantillons d'etalonnage. 

10. Instrument d'analyse selon la revendication 6 pu 9 
comprenant en outre un premier moyen optique 

pour introduire ladite lumidre sur un cote dudit tissu 
contenant du sang et comprenant en outre un se- 
cond moyen optique sur I'autre cote dudit tissu pour 
diriger vers ledit detecteur ladite lumiere emergeant 
dudit tissu contenant du sang. 

11. Instrument d'analyse selon la revendication 6 ou 9 
comprenant en outre au moins un moyen optique 
place sur un cote dudit tissu contenant du sang pour 
introduire ladite lumidre dans ledit tissu et pour di- 
riger vers iedit detecteur ladite lumiere emergeant 
dudit c6te dudit tissu contenant du sang. 



12. Appareil selon I'une quelconque des revendications 
8^11 comprenant en outre des moyens pour trans- 
mettre des stgnaux dudit microprocesseur k un 
moyen pour modifier la concentration dudit analyte. 

13. Appareil selon la revendication 12 dans lequel ledit 
analyte est le glucose et ledit moyen pour modifier 
est une pompe k insuline. 

14. Proc6d6 de determination de la concentration d'un 
analyte dans un fluide humain dans le domaine phy- 
siologique observe chez les huniains, ledit procede 
comprenant : 

a. remission d'une lumifere k trois longueurs 
d'onde differentes ou plus, lesdites longueurs 
d'onde etant dans I'lntrarouge : 

b. I'irradiation in vivo et de manifere non invasive 
dudit fluide humain avec lesdites longueurs 
d'onde, de sorte qu'il y ait une attenuation dif- 
ferentielle d'au moins certaines intensites des- 
dites longueurs d'onde par ledit analyte ; 

c. la mesure desdites intensites d'au moins 
trois desdites longueurs d'onde emergeant du- 
dit fluide humain pour obtenir au moins deux 
variables spectrales k partir desdites intensites 
mesurees. chacune desdites variables spec- 
trales etant obtenue k partir d'au moins une in- 
tensite mesuree ; et 

d. ia determination de la concentration dudit 
analyte dans ledit fluide humain k partir desdi- 
tes variables spectrales k des valeurs situees 
dans ledit domaine physiologique observe 
chez les humains au moyen d'un modele d'eta- 
lonnage a variables multiples, ledit module 
d'etalonnage k variables multiples etant deve- 
loppe k partir d'un precede d'etabnnage k va- 
nabies multiples capable d'utiliser des varia- 
bles spectrales en un nombre superieur au 
nombre d'echantillons utilises pour le develop- 
pement dudit modeie d'etalonnage pour ledit 
analyte. 

15. Procede selon la revendication 1 4 dans lequel ladi- 
te determination de ladite concentration d'analyte 
dans ledit fluide humain utilise un algorithme k mul- 
tiples variables et un module et lesdites vanables 
spectrales, ledit algorithme etant capable d'utiliser 
lesdites variables spectrales en un nombre supe- 
rieur au nombre d'echantillons d'etalonnage utilises 
pour produire ledit module, ledit module etant une 
fonction de concentrations connues dudit analyte 
dans lesdrts echantillons d'etalonnage et des varia- 
bles spectrales obtenues k partir desdits echan- 
tillons d'etalonnage. 

16. Procede selon la revendication 14 ou 15 compre- 
nant en outre I'etape de determination si lesdites 
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variables spectrales provenant dudit fluide humain 
constituent un point aberrant par oomparaison des- 
dites variables spectrales provenant dudit fluide hu- 
main avec des variables spectrales obtenues k par- 
tir desdits ^chantilions d'^tabnnage. 

17. Proc6d6 salon is revendication 16 dans lequel ladi- 
te determination de ce que lesdites variables spec- 
trales provenant dudit fluide humain repr^sentent 
un point aberrant comprend I'^tape de oomparaison 
desdites variables spectrales provenant dudit fluide 
humain avec lesdites variables spectrales prove- . 
nant desdits ^chantiitons d'6talonnage, pour deter- 
miner une mesure de t'amplitude de la difference 
entre lesdites variables spectrales provenant dudit 
fluide humain et ladite serie de variables spectrales 
provenant desdits echantillons d'etalonnage. 

18. Procede selon la revendication 17 dans lequel un 
test statlstique est utilise pour indiquer la probabilite 
que ladite amplitude soit provoquee de manidre 
aieatoire, comprenant en outre r6tape de classe- 
ment desdites variables spectrales provenant dudit 
fluide humain comme representant un point aber- 
rant lorsque ladite probabilite est determinee com- 
me etant trop faible. 

19., Procede selon I'unequelconquedes revendlcations 
1 4 a 1 8 dans lequel ledit calcul h variables multiples 
est accompli avec un algortthme choisi dans le 
groupe comprenant la regression des moindres car- 
res partielie et la regression k composants princi- 
paux. 

20. Precede selon I'une quelconque des revendlcations 
14 ^ 19 dans lequel ledit analyte est choisi dans te 
groupe comprenant le glucose, I'alcool, les cetones, 
les acides gras, le cholesterol, les lipoproteines, les 
triglycerides, les leucocytes, Talbumine, I'azote de 
I'uree du sang, ia creatinine et les medicaments. 

21. Instrument d'analyse quantitative pour la determi- 
nation de la concentration d'un analyte dans un flui- 
de humain dans le domaine physlologique observe 
Chez les humains, ledit instrument comprenant : 

a. un dispositif pour positionner ledit fluide 
humain; 

b. au moins une source d'au moins trois lon- 
gueurs d'onde de lumieres differentes position- 
nee par rapport audit dispositif de positionne- 
ment de fluide humain pour diriger la lumiere 
dans ledit fluide humain, lesdites longueurs 
d'onde etant dans I'infrarouge ; 

c. au moins un detecteur positionne par rapport 
audit dispositif de positionnement de fluide hu- 
main pour mesurer au moins trois intensites 
spectrales k partir d'une partie de ladite lumiere 



emergeant dudit fluide humain : . 
d. un systeme de mesure k variables multiples 
comprenant une eiectronlque, un microproces- 
seur, une memoire et un modfele d'etalonnage 
5 k variables multiples pour ledit analyte, pour 

traiter lesdites intensites spectrales mesurees 
pour determiner la concentration dudit analyte 
k des vaieurs situees dans ledit domaine phy- 
slologique observe chez les humains, ledit mo- 
10 dele d'etalonnage k variables multiples utilisant 

au moins deux variables, chaque variable con- 
sistent en au moins I'une desdites intensites 
spectrales mesurees, ledit modeie d'etalonna- 
ge k variables multiples etant developpe k par- 
ts tir d'un procede d'etalonnage k variables mul- 
tiples capable d'utlliser lesdites variables en un 
nombre sup6rieur au nombre d'echantillons uti- 
lises pour retalonnage dudit systeme de mesu- 
re k variables multiples ; et 
20 e. des nrK>yens pour indiquer ladite concentra- 
tion determinee dudit analyte. 

22. Instrument d'analyse selon la revendication 21 
dans lequel ledit systeme de mesure a variables 

2S multiples comprend un algorithme k variables mul- 
tiples et un modeie d'etalonnage, ledit algorithme 
utilisant lesdites deux variables ou plus, ledit algo- 
rithme etant capable d'utiliser lesdites variables en 
un nombre superieur au nombre d'echantillons 

30 d'etalonnage utilises pour produire ledit modeie, le- 
dit modeie etant une fonction de concentrations 
connues dudit analyte dans lesdits echantillons 
d'etalonnage et des intensites spectrales obtenues 
par irradiation desdits echantillons d'etalonnage. 

35 

23. Instrument d'analyse selon la revendication 21 ou 
22 comprenant en outre un premier moyen optique 
pour introduire ladite lumiere sur un cdte dudit fluide 
humain et comprenant en outre un second moyen 

40 optique sur I'autre cdte dudit fluide humain pour di- 
nger vers ledit detecteur ladite lumiere. emergeant 
dudit fluide humain. 

24. Instrument d'analyse selon la revendication 21 ou 
45 22 comprenant en outre au moins un moyen optique 

positionne sur un cote dudit fluide humain pour In- 
troduire ladite lumiere dans ledit tissu et pour diriger 
vers ledit detecteur ladite lumiere emergeant dudit 
premier cote dudit fluide humain. 
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